The multidrug resistance transporter P-glycoprotein (P-gp) is highly expressed in the capillary endothelial cells of the blood-brain barrier (BBB) where it functions to limit the brain penetration of many drugs, including antipsychotic agents used to treat schizophrenia. Therefore, in an effort to inhibit the transporter, we designed dimers of the antipsychotic drug and P-gp substrate quetiapine (QT), linked by variable length tethers. In P-gp overexpressing cells and in human brain capillary endothelial hCMEC/D3 cells, the dimer with the shortest tether length (QT 2 C 2 ) (1) was the most potent inhibitor showing >80-fold better inhibition of P-gpmediated transport than monomeric QT. The dimers, which are linked via ester moieties, are designed to revert to the therapeutic monomer once inside the target cells. We demonstrated that the addition of two sterically blocking methyl groups to the linker (QT 2 C 2 Me 2 , 8) increased the half-life of the molecule in plasma 10-fold as compared to the dimer lacking methyl groups (QT 2 C 2 , 1), while retaining inhibitory potency for P-gp transport and sensitivity to cellular esterases. Experiments with purified P-gp demonstrated that QT 2 C 2 (1) and QT 2 C 2 Me 2 (8) interacted with both the H-and R-binding sites of the transporter with binding affinities 20-to 30-fold higher than that of monomeric QT. Using isolated rat brain capillaries, QT 2 C 2 Me 2 (8) was a more potent inhibitor of P-gp transport than QT. Lastly, we showed that QT 2 C 2 Me 2 (8) increased the accumulation of the P-gp substrate verapamil in rat brain in situ three times more than QT. Together, these results indicate that the QT dimer QT 2 C 2 Me 2 (8) strongly inhibited P-gp transport activity in human brain capillary endothelial cells, in rat brain capillaries, and at the BBB in an animal model.
T he first line treatment for patients with schizophrenia is the administration of atypical antipsychotic agents, such as quetiapine (QT), either alone or in combination. 1, 2 It is estimated that approximately 54 million annual prescriptions were written in 2011 for atypical antipsychotics for treatment of schizophrenia, bipolar disorder or as an adjuvant therapy for depression (IMS Health), with QT, aripiprazole and olanzapine being among the most common. The clinical efficacy of these drugs relies on their ability to enter the brain, an event that is controlled by the blood-brain barrier (BBB). The BBB is a system of capillary endothelial cells that protects the brain from damaging substances in the bloodstream, and comprises both tight junctions that prevent passage of molecules between cells, as well as transport proteins in the endothelial cells, which limit uptake. 3−5 By these mechanisms, the BBB poses a major impediment to successful schizophrenia therapy by limiting the efficient delivery of antipsychotic agents to the brain. Therefore, to achieve efficacy, treatment of schizophrenia frequently requires increased doses of the therapeutic agents or an increase in the number of drugs administered. However, these clinical strategies can often result in toxic drug−drug interactions and unwanted physiological side effects, including movement disorders, agranulocytosis, and rapid major weight gain, the latter resulting in weight-related diseases, such as diabetes and hypertension. 6−10 Of the numerous transporters expressed at the BBB, Pglycoprotein (P-gp), a member of the ATP-binding cassette (ABC) family of transporters, is the best characterized and arguably most important in limiting the brain accumulation of antipsychotic drugs used to treat schizophrenia.
11 P-gp is an integral membrane transporter protein comprising two homologous halves each spanning the plasma membrane bilayer six times, and each containing an ATP binding site.
12−16 P-gp is localized to the apical membrane of brain capillary endothelial cells and limits the accumulation of drugs in the brain by using the energy of ATP hydrolysis to actively transport compounds out of the capillary cell membrane and back into the bloodstream. 17−19 Numerous antipsychotic drugs have been shown to be substrates of P-gp both in vitro and in vivo. QT, risperidone, olanzapine, and clozapine stimulated the ATPase activity of Pgp in crude membrane preparations, which is an indication that the compounds interact with the substrate binding site(s) of Pgp. 20 In vivo, the accumulation of antipsychotic agents in the brain has been studied using P-gp null mice. The brain concentration of QT was determined to be approximately twice that found in wild-type mice, whereas the serum concentrations of QT were similar. 21 These data suggest that QT is a substrate for P-gp at the BBB and that its entry into the brain is restricted. Similar results were also obtained for other atypical antipsychotic agents such as olanzapine, 22 risperidone, 23 and aripiprazole. 24, 25 Pharmacological inhibition of P-gp with cyclosporin A in rats treated with either fluphenazine or amisulpride resulted in significantly higher brain concentrations of the antipsychotic than animals treated with the antipsychotic alone. 26, 27 Furthermore, the behavioral effects of amisulpride 27 and risperidone 28 were increased significantly and lasted longer than in animals cotreated with a P-gp inhibitor. Together, these studies suggest that altering the biochemical properties of P-gp at the BBB may allow for better brain penetration of antipsychotic drugs and thus better clinical efficacy.
The drug binding region of P-gp has been shown biochemically to contain at least two, and perhaps more, distinct substrate binding sites that are localized to the transmembrane segments of the transporter. 29−34 Furthermore, in the three-dimensional crystal structures of the inward-facing conformation of nucleotide-free P-gp from both mouse and C. elegans, the overall drug binding pocket is formed by the contacts between transmembrane helices, and consists of a large flexible internal cavity that is able to accommodate the binding of multiple molecules. 35, 36 For example, the structures of mouse P-gp cocrystallized with two stereoisomers of a cyclic P-gp peptide inhibitor demonstrated that three peptide molecules occupy different overlapping regions within the cavity, and each made a different set of interactions with the protein. 35 Although these structures were obtained in the absence of nucleotide, it was recently determined that mouse Pgp is highly flexible and can adopt a wide range of conformations, even in the presence of nucleotide, 37 further suggesting that the substrate binding pocket of P-gp can accommodate larger molecules. To exploit this multiplicity of binding sites, we have developed several potent bivalent P-gp inhibitors based on P-gp substrates. These inhibitors were designed to occupy the binding sites in P-gp and increase the molecular interactions with the transporter compared to the monomer, thereby increasing their binding affinity.
38−44
Herein, we designed a set of dimeric analogues of QT, an antipsychotic drug and P-gp substrate, 21 that are reversibly linked via ester bonds. The ester groups were introduced so the dimers have the capacity to revert back to the corresponding monomeric drugs upon cleavage by esterases after they have entered the cytoplasm of the cell. In this way, the QT dimers would act both as prodrugs of QT and inhibit P-gp transport at the BBB. Herein, we demonstrated that the dimer with the shortest tether linking the QT monomers inhibited P-gpmediated drug transport most potently in cultured cells (QT 2 C 2 ) (1). Furthermore, the introduction of two sterically blocking methyl groups to the tether linking the QT monomers (QT 2 C 2 Me 2 ) (8) resulted in a more potent inhibitor that resisted hydrolysis in human plasma, but was susceptible to breakdown by purified pig liver esterase. Importantly, we also demonstrated that these dimeric QT compounds interacted with the H-and R-substrate binding sites of P-gp with binding affinities 20-to 30-fold greater than that of the QT monomer. Extending the work to models of the blood-brain barrier, we showed that QT 2 C 2 Me 2 (8) was a potent P-gp inhibitor in isolated rat brain capillaries and increased the brain penetration of verapamil in an in situ rat brain perfusion assay.
■ RESULTS AND DISCUSSION
Design and Synthesis of QT Dimeric Prodrugs. P-gp binds a variety of structurally diverse compounds that are recognized by multiple binding sites within the transmembrane region of the protein. 16−19,29−34 To take advantage of these multiple sites, we designed dimers of the antipsychotic agent and P-gp substrate QT. The primary hydroxyl group on QT was used to link monomers via bis-esters (Scheme 1) (1− 7). 40−42 These dimeric QT analogues have the potential to convert back to the monomeric drug QT by cleavage of the ester linkages by cellular and plasma esterases. In this way, the dimers could potentially act as both P-gp inhibitors and prodrugs of the therapy. One goal was for the dimers to have prolonged plasma stability, but to have a relatively facile reversion to monomer within the cell. We used a range of different tether lengths to evaluate the effect on P-gp inhibition Scheme 1. Synthetic Scheme for QT Prodrug Dimers (n = 2−8) (1−7) a a Dimers were named according to the number of methylene (−CH 2 −) groups located between the ester bonds, e.g., n = 2 is QT 2 C 2 (1). All dimers were synthesized using dicarboxylic acid linkers and were purified to >95% by reverse phase HPLC. The pure compounds were characterized by MALDI-TOF mass spectrometry. and also employed tethers containing an additional methyl group α to carbonyl groups in the tether to evaluate how these groups affected the rate of breakdown by plasma and cellular esterases.
To synthesize the dimeric prodrugs, QT was treated with dicarboxylic acids of varied length, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N,N-diisopropylethylamine to provide the desired diester compounds (Scheme 1). The dimers (QT 2 C 2 through QT 2 C 8 ) (1−7) were purified to >95% homogeneity by reverse phase HPLC and characterized by MALDI-TOF mass spectrometry. The compounds were named according to the number of methylene groups between the ester bonds. For example, QT 2 C 2 (1) contained two methylene units between the ester linkages (Scheme 1).
QT and Its Dimers Inhibited P-gp-Mediated Transport in Cells Overexpressing Human P-gp. The set of QT dimeric prodrugs (QT 2 C 2 through QT 2 C 8 ) (1−7) were screened by flow cytometry for their ability to increase the cellular accumulation of the fluorescent P-gp substrate rhodamine 123 (R123) in human MCF-7/DX1 cells that overexpress P-gp. In this assay, an increase in cellular accumulation of R123 is indicative of inhibition of efflux by P-gp. The IC 50 values for 1−7 for inhibition of P-gp activity presented in Table 1 were determined from assays performed in the presence and absence of increasing concentrations of 1− 7 ( Figure S1 , Supporting Information). Dimers QT 2 C 2 through QT 2 C 4 were equipotent with respect to inhibition of R123 efflux and were approximately 80-fold more potent than monomeric QT. As the tether length was increased in compounds QT 2 C 5 −QT 2 C 7 , modest decreases in inhibitory potency were observed, followed by a further decrease for QT 2 C 8 (17-fold less potent than QT 2 C 2 ) ( Table 1 and Figure  S1 ). Our previous studies with dimers of P-gp substrates 41−43 demonstrated that the tether length for optimal inhibition of Pgp transport varied from 6 to 10 carbon atoms. In the present study, however, the optimal number of carbon atoms in the tether ranged from two to four (Table 1) . This difference may be due to the fact that QT was dimerized through the primary hydroxyl group at the end of a flexible ethylene glycol-like unit linked to the piperazine ring (Scheme 1), thus allowing shorter tether lengths to provide the optimal distance between the monomers.
Based on these studies, and with a regard for maintaining the lowest molecular weight possible, the shortest dimer, QT 2 C 2 (1), was selected for further analysis in P-gp substrate accumulation assays in human MCF-7/DX1 cells that overexpress P-gp. Substrates used include calcein-AM (calceinacetoxymethylester), doxorubicin, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)-FL-verapamil, and [
3 H]-daunorubicin ( Figure S2 ). As summarized in Table 2 , QT 2 C 2 (1) was a potent inhibitor (IC 50 = 1−3 μM) of the transport of all tested P-gp substrates, although it was 2-fold less potent for [ 3 H]-daunorubicin as compared to the others. QT 2 C 2 (1) was 8.5-to 45-fold more potent than monomeric QT for inhibition of transport of these substrates ( Table 2) .
Adding Sterically Blocking Methyl Groups to QT 2 C 2 Increased Stability to Esterases while Preserving Potent P-gp Inhibition. The QT prodrug dimers were designed to inhibit P-gp while concurrently accumulating and subsequently breaking down to monomeric QT inside the cell by esterases. To be efficacious P-gp inhibitors at the BBB, however, the dimeric prodrugs should have limited breakdown in the bloodstream, but hydrolyze within target cells. To determine the stability of QT 2 C 2 (1) to plasma esterases, reversion to monomer was monitored following incubation in human plasma (55%) at 37°C. The half-life (t 1/2 ) of QT 2 C 2 (1) was relatively short (t 1/2 = 3.0 ± 0.4 h), prompting the synthesis of a modified, more hindered QT 2 C 2 (1) dimer containing two additional methyl groups in the tether (QT 2 C 2 Me 2 ) (8) ( Figure 1A ). We hypothesized that this hindered dimer would have improved stability in plasma due to 50 values are reported as the concentration of QT or QT dimer resulting in half-maximum fluorescence level ± SEM from a minimum of three independent experiments. For each experiment, the mean fluorescence values from each concentration point were used to generate a dose response curve and the IC 50 was calculated using GraphPad Prism 4.0. The original flow cytometry data from which these data were determined are shown in Figure S1 . 50 values are reported as the concentration of QT or QT dimer resulting in half-maximum fluorescence level ± SEM from a minimum of three independent experiments. For each experiment, the mean fluorescence values from each concentration point were used to generate a dose response curve and the IC 50 was calculated using GraphPad Prism 4.0. The original flow cytometry data from which these results were derived are shown in Figure S2 .
c IC 50 values are reported as the concentration of QT or QT dimer resulting in half-maximum inhibition of radioactive substrate accumulation ± SD from a minimum of three independent experiments. For each experiment, the inhibition values from each concentration point were used to generate a dose response curve and the IC 50 was calculated using GraphPad Prism 4.0. the increased steric hindrance surrounding both ester bonds, slowing tether release. 45 Figure 1B ). Thus, it is possible to engineer the tether as to control the breakdown of dimeric agents in human plasma. In this way, the dimers should persist long enough to reach their cellular target and still generate monomeric drugs in the presence of cellular esterases.
To determine whether QT 2 C 2 Me 2 (8) inhibited P-gp activity similarly to the unhindered QT 2 C 2 (1) dimer, P-gp transport activity was evaluated via quantification of fluorescent and radiolabeled substrate accumulation using MCF-7/DX1 cells that overexpress P-gp. QT 2 C 2 Me 2 (8) inhibited P-gp transport of R123, calcein-AM, doxorubicin, BODIPY-FL-verapamil, and (Table 2 and Figure S2 ). These IC 50 values were 13-to 75-fold lower than those for the QT monomer. These results indicated that both dimers are effective P-gp inhibitors.
QT Dimers Stimulated P-gp ATPase Activity. A number of inhibitors of P-gp are also transport substrates. 12, 47 Furthermore, substrate transport is directly coupled to ATP hydrolysis. A commonly employed assay to determine if compounds are substrates of P-gp is to measure their ability to stimulate ATP hydrolysis. Therefore, we determined the effects of QT, QT 2 C 2 (1) and QT 2 C 2 Me 2 (8) on P-gp mediated ATP hydrolysis, crude membranes from Sf 9 cells expressing human P-gp were analyzed for stimulation of ATP hydrolysis activity. For QT, stimulation of ATP hydrolysis peaked between 50 and 100 μM. For the dimers, peak stimulation was observed from 0.5 to 1.0 μM (Figure 2 ). For each of the compounds tested, a drop in ATPase activity was observed at higher concentrations, which has been observed with other P-gp modulators. 12, 47 As stimulation of ATPase activity is often an indication of transport activity, these data indicate that QT 2 C 2 (1) and QT 2 C 2 Me 2 (8) interact with P-gp and may be substrates for the transporter at low concentrations.
QT Dimers Competed for Substrate Binding to P-gp. The QT prodrug dimers were designed to potentially interact with multiple binding sites in P-gp, and as such should compete for these sites more effectively than the QT monomer. To verify that the dimeric QT inhibitors were, in fact, interacting with the drug binding region of P-gp, photoaffinity cross-linking experiments were performed with a radiolabeled azido-analog of the P-gp substrate prazosin, 125 I]IAAP to P-gp at low concentrations, reducing binding only at concentrations greater than 100 μM; even with 400 μM QT binding was reduced by only 50% ( Figure 3A ). These data indicate that QT competed less effectively for the substrate binding site region of P-gp than the dimers. Furthermore, at lower concentrations, QT may bind at an allosteric site that promotes an increase in the affinity of [ 125 I]IAAP for P-gp. This type of stimulatory effect was previously reported for photoaffinity labeling of P-gp using [ 3 H]tamoxifen aziridine. 49 QT Dimers Have Increased Binding Affinity for Purified P-gp. To further characterize the interaction of QT and its dimer prodrugs with P-gp, the binding affinities of monomeric QT, QT 2 C 2 (1), and QT 2 C 2 Me 2 (8) for purified Pgp from Chinese hamster ovary cells were determined by measuring the saturable quenching of the intrinsic Trp fluorescence of the protein. 50 This method was used previously to evaluate binding of compounds to P-gp and to obtain quantitative estimates of the K d values for binding. 50−52 Values for the maximal % quenching (ΔF max ) and the dissociation constant (K d ) were obtained by fitting the experimental data to a hyperbolic equation for monophasic quenching (Table  3) . 50, 51 The maximal quenching of Trp fluorescence in P-gp was ∼64% for the QT monomer, which bound with a K d of ∼29 μM. The dimers did not quench the Trp fluorescence as well as the monomer; however, the K d values obtained for the dimers were much lower than that of the monomer, 1−1.5 μM (Table 3) , indicative of a substantially higher binding affinity. This type of effect is expected if the dimers have more discrete interactions than the monomer with the substrate-binding pocket of the protein. The QT dimers with the highest P-gp binding affinity have ∼20% lower ΔF max values than those with lower affinities. These data suggest that the higher affinity dimers may orient in a slightly different way in the substrate binding pocket so that their ability to quench Trp residues is altered. These findings are consistent with the cellular accumulation data demonstrating that the dimers were more potent inhibitors of P-gp-mediated transport than monomeric QT. Taken together, the creation of a covalently linked QT dimer is an effective strategy for increasing the strength of interaction with P-gp.
The QT Dimer QT 2 C 2 Me 2 (8) bound to both the H-and R-sites of P-gp. P-gp is known to have at least two positively cooperative drug binding sites within a larger flexible binding pocket, named the H-site and the R-site. 31 ,34,52−54 Interaction of substrates and/or inhibitors of P-gp with either or both of these sites can be distinguished by their behavior in transport assays using fluorescent P-gp substrates that preferentially bind to each site. 47, 55 Thus, to gain a better understanding as to where our dimeric compounds interact with P-gp, we performed real-time transport assays using the substrates Hoechst 33342 (H33342) as a reporter for the H-site, and tetramethylrosamine (TMR) as a reporter for the R-site, and 2-{4-[4-(dimethylamino)phenyl]-l,3-butadienyl}-3-ethylbenzothiazoliumperchlorate (LDS-751), which binds to both sites. 55 The ability of QT and QT 2 C 2 Me 2 (8) to compete for transport of these fluorescent substrates was examined using purified Pgp from Chinese hamster ovary cells reconstituted into proteoliposomes in the presence of increasing concentrations 
were estimated by fitting of the quenching data from 3 independent experiments, and represents the mean ± fitting error.
of QT and QT 2 C 2 Me 2 (8) (Figure 4 ). The concentration of QT and QT 2 C 2 Me 2 (8) that caused 50% inhibition of the initial transport rate for each substrate was defined as the IC 50 value (Table 4) , and was estimated from the plot of % initial rate of transport versus concentration (Figure 4 ). Pure R-site agents inhibit transport of TMR at low concentrations but typically require >10-fold higher concentrations to inhibit H33342 transport. 55 On the other hand, drugs that bind preferentially to the H-site demonstrate a reverse pattern of inhibition.
Both QT and QT 2 C 2 Me 2 (8) inhibited transport of TMR and H33342 in a similar concentration range and both also inhibited the transport of LDS-751 (Figure 4 ). These data suggest that the compounds are not pure H-site or pure R-site compounds and interact, perhaps in an overlapping way, with both of the sites. 55 QT 2 C 2 Me 2 (8) inhibited the transport of all three fluorescent substrates 2.3−2.8-fold better than QT (Table  4) , which is consistent with its higher affinity for the transporter (Table 3 ). Although the difference in inhibition of transport is less than what was observed for the differences between K d values for the two molecules (Table 3) , the transport assay system is, by its nature, an indirect measure of binding that may be further complicated by the presence of multiple substrates. It is also likely that the P-gp substrate binding pocket is more complex than simply two or three sites and is made up of many subsites within a larger space in which compounds can bind. 56, 57 We also observed that the IC 50 values for transport were higher than the K d values for binding. This phenomenon has been observed previously 55 and is likely due to differences in the two assay systems. The transport assay contains a large amount of lipid compared to the binding assay, which likely acts as a "sink" for drug thus reducing its aqueous concentration.
58
The Dimer QT 2 C 2 Me 2 (8) Inhibited P-gp Mediated Transport in Cells Derived from the Human Blood-Brain Barrier. The blood-brain barrier resides within the brain capillary endothelium. The endothelial cells within these vessels are the functional unit of the barrier, protecting the brain from neurotoxicants and limiting entry of therapeutic drugs. P-gp is expressed on the apical membrane of brain capillary endothelial cells and actively excludes agents from the brain by pumping them back into the blood. To determine the efficacy of the QT dimers in a cell-based blood-brain barrier model, we measured the ability of QT 2 C 2 Me 2 (8) to inhibit P-gp-mediated transport in immortalized human brain capillary endothelial (hCMEC/ D3) cells. These cells express endogenous levels of P-gp and retain the major protein expression patterns and functional and morphological features of normal brain endothelial cells. 59, 60 Furthermore, these cells have been used as a model for studies of barrier function and disruption.
hCMEC/D3 cells were incubated with the fluorescent P-gp substrates R123 or calcein-AM in the presence or absence of increasing concentrations of QT monomer ( Figure 5A and B) or QT 2 C 2 Me 2 (8) (Figure 5C and 5D ). An increase in intracellular fluorescence, which is indicative of inhibition of Pgp, was quantified by flow cytometry ( Figure S3 ). Mean fluorescence values obtained from the dose response curve shown in Figure 5 were used to determine the IC 50 values for each compound (Figure 5, insets) . The data show that the dimer QT 2 C 2 Me 2 (8) was 100-and 20-fold more potent than the QT monomer for increasing R123 and calcein-AM accumulation, respectively, with IC 50 values of 0.6 ± 0.1 and 0.4 ± 0.1 μM. Thus, QT 2 C 2 Me 2 (8) was an effective inhibitor of P-gp in vitro in cells derived from the BBB and thus has potential to inhibit P-gp in vivo. Figure  4 and represent the mean ± range for two independent experiments.
capillaries that express native levels of P-gp ( Figure 6 ). 61, 62 In this assay, luminal accumulation of NBD-CsA is a measure of Pgp transport activity. Upon inhibition of P-gp, the lumen of the capillary will accumulate less NBD-CsA and appear darker. Representative confocal images of capillaries incubated to steady-state are shown in Figure 6A −D. The control capillaries show intense luminal fluorescence ( Figure 6A ) that is substantially reduced in the presence of the specific P-gp inhibitor, PCS833 ( Figure 6B ). Although these capillaries also express other ABC transporters, including ABCG2 and ABCC2, NBD-CsA is only a substrate for P-gp under the conditions of our assay. 61, 62 Representative confocal images of capillaries treated with 2.5 μM QT and QT 2 C 2 Me 2 (8) are shown in Figure 6C and D, respectively. Both agents reduced fluorescence, but the dimer QT 2 C 2 Me 2 (8) appeared to be more effective. We quantified Figure S3 . Figure 6 . P-gp-mediated transport in isolated rat brain capillaries. P-gp transport activity was determined using isolated rat brain capillaries as described in Methods. Representative images of capillaries preincubated with (A) DMSO, (B) 5 μM PSC833, (C) 2.5 μM QT, or (D) 2.5 μM QT 2 C 2 Me 2 (8) followed by 60 min incubation with 2 μM NBD-CsA. Capillary fluorescence was visualized with a Zeiss 510 NLO confocal scanning microscope and quantitated from images using ImageJ software. (E, F) Capillaries were preincubated with the indicated concentrations of (D) QT and (E) QT 2 C 2 Me 2 (8) followed by 60 min incubation with 2 μM NBD-CsA. Shown are mean ± SEM for 5−12 capillaries. Statistical comparisons: one-way ANOVA, ***P < 0.001.
luminal fluorescence using ImageJ (NIH) from experiments containing increasing concentrations of QT and QT 2 C 2 Me 2 (8) (Figure 6E and F). Clearly QT 2 C 2 Me 2 (8) was a more effective inhibitor of P-gp-dependent transport than QT. These data indicate that dimeric prodrugs of antipsychotic agents can be effective inhibitors of P-gp-mediated transport at the BBB in vitro in rat brain capillaries.
QT 2 C 2 Me 2 (8) Inhibited P-gp in an in Situ Brain Perfusion Rat Model. To determine directly whether QT 2 C 2 Me 2 (8) also inhibits P-gp at the BBB in an animal model under near physiological conditions, we performed in situ rat brain perfusion experiments. 63 Using this assay, we infused the P-gp substrate Figure 7B and C) . 63, 64 To test the effects of monomeric QT or 10 μM QT 2 (8) demonstrated ∼50% of the inhibitory activity of the P-gp inhibitor CsA (8 μM), which essentially abolishes P-gp activity in intact rats without affecting sucrose uptake. 63, 64 This result indicates that the increase in [ 3 H]verapamil was not due to increases in paracellular permeability caused by QT and the dimer ( Figure 7C ). Together, these data show that QT and QT 2 C 2 Me 2 (8) increased brain uptake of the P-gp substrate [ 3 H]verapamil through inhibition of P-gp, with the dimer being more effective. Together, these data using human capillary endothelial cells, rat brain capillaries and an in situ rat brain model demonstrated that the prodrug P-gp inhibitor, QT 2 C 2 Me 2 (8), effectively inhibits P-gp at the BBB more effectively than its monomeric counterpart, QT. Importantly, both QT 2 C 2 (1) and QT 2 C 2 Me 2 (8) demonstrated minimal cytotoxic effects under the conditions and durations of the experiments described herein. In a more extended cytotoxicity assay (72 h), MCF-7 cells treated with 10 μM QT 2 C 2 (1) or QT 2 C 2 Me 2 (8) displayed ∼80% and ∼50% cell viability, respectively. Previous studies have shown that inhibition of P-gp increases the brain penetration of antipsychotics; 27, 28, 65 however, adverse interactions may occur between the P-gp inhibitor and substrate. 27, 66 The use of dimeric prodrugs of already approved therapeutics potentially reduces the risk of drug−drug interactions and should increase brain penetration, thus lowering the effective dosage. In this study, we provide the first evidence that prodrug dimers can inhibit P-gp within an intact BBB, thus increasing the brain penetration of P-gp substrates without affecting BBB tight junction permeability.
■ CONCLUSIONS
In the present study, we used the antipsychotic agent QT as a model for therapeutic agents with poor brain penetration. By dimerizing QT with reversible linkages, we converted the molecule from a P-gp substrate to a potent P-gp inhibitor that specifically interacts with the drug binding sites on P-gp with substantially higher affinity than the monomeric drug. These dimers were stable in human plasma but were hydrolyzed to their monomeric forms using pig liver esterase as a model of cellular esterases. Ultimately, dimers that gain entry into the brain endothelial cells could revert to their monomeric forms in the esterase-rich environment of the cytosol, thus delivering the original therapy. We further demonstrated that QT dimers were potent P-gp inhibitors in several biological models of the BBB. Our best inhibitor QT 2 C 2 Me 2 (8) was significantly more effective at blocking P-gp function than monomeric QT in human cells derived from brain capillary endothelial cells in (8) . Cyclosporin A (CsA) was used as a positive control. Shown are mean ± SEM for 6−8 rats. Statistical comparisons: one-way ANOVA, ***P < 0.001, ****P < 0.0001. culture, in isolated rat brain capillaries in vitro and ultimately in an in situ rat brain perfusion animal model. P-gp at the blood-brain barrier presents a major therapeutic hurdle in the treatment of numerous brain disorders, including schizophrenia. This ATP-driven efflux transporter limits the brain penetration of drugs by actively removing them from brain capillary endothelial cells back into the blood. Thus, the drugs are unable to reach their molecular targets in the brain parenchyma at a sufficient concentration to have a therapeutic effect. Recently, the International Transporter consortium published a paper positing a low probability of modulating Pgp at the BBB with currently marketed drugs. 67 Our overall strategy to overcome P-gp-based drug resistance at the BBB can be distilled down to the concept that one agent can serve as both the P-gp inhibitor, in the latent dimeric form, and the therapeutic agent itself. By eliminating combination therapies and their risk of toxic drug−drug interactions, 68 along with the facile synthesis of the dimers and the dramatic increase in the affinity of the dimers for P-gp over monomeric therapies, this dimerization drug delivery strategy could be useful for increasing the brain penetration and thus clinical efficacy of schizophrenia and other brain disorder therapies. Alternatively, uncleavable dimers of these therapies could be used solely as Pgp inhibitors to augment the brain delivery of a variety of monomeric drugs.
■ METHODS

Materials. QT fumarate was obtained from AvaChem Scientific (San Antonio, TX). 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)
and Eco-Lite (+) scintillation cocktail were obtained from MP Biomedicals (Solon, OH). GF120918 was synthesized in our laboratory using established methodologies. 42 R123, (BODIPY)-FL-verapamil, calcein-AM, Sf9 cells, and antibioticantimycotic were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Lawrenceville, GA). L-Glutamine, penicillin-streptomycin, and Basal Medium Eagle were obtained from Mediatech (Herndon, VA). General Synthesis of QT Dimers. The free base of QT was obtained from QT fumarate as previously described. 69 To a solution of commercially available dicarboxylic acid (0.04 mmol) in dry DMF (500 μL) at 0°C was added EDC (0.17 mmol), 4-dimethylaminopyridine (0.02 mmol), and N,N-diisopropylethylamine (0.46 mmol). The solution stirred for 20 min 0°C. QT (0.13 mmol) was added and the mixture was allowed to warm to room temperature and stirred for 12 h. The solvent was removed in vacuo, and the crude residue was separated by reverse phase HPLC using a C5 column (Phenomenex, Torrance, CA) and an eluent consisting of solvent A (water with 0.1% trifluoroacetic acid (TFA)) and solvent B (methanol with 0.1% TFA) with a gradient of 30−95% solvent B, a flow rate of 8 mL/min and UV detection at 214 and 254 nm. The compounds were purified to >95% homogeneity by HPLC and characterized by MALDI-TOF mass spectrometry. QT 2 Cell Culture. MCF-7/DX1 cells were cultured at 37°C with 5% carbon dioxide in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 50 units/mL penicillin, 50 μg/mL streptomycin, and 1 μM doxorubicin. Sf9 cells were cultured at 27°C in Sf-900 II SFM medium supplemented with 0.5× antibiotic−antimycotic. 42 hCMEC/ D3 cells were cultured as described previously. 59, 60, 70 Cells were cultured in EBM-2 medium supplemented with 5% fetal bovine serum "gold", 1% penicillin-streptomycin, 1.4 μM hydrocortisone, 5 μg/mL ascorbic acid, 1:100 dilution of chemically defined lipid concentrate, 10 mM HEPES, and 1 ng/mL basic fibroblast growth factor (FGF). The culture flasks were coated with 0.1 mg/mL rat tail collagen for at least 1 h at 37°C before use and cells were incubated at 37°C with 5% CO 2 .
Expression of P-gp in Insect Cells. Sf9 cells in 150 cm 2 flasks (1.86 × 10 7 cells/flask) were infected with BV-MDR1 at a multiplicity of infection of five in 5 mL of culture medium as previously described. 71 After a 2 h incubation at 27°C, cells were fed with 15 mL of culture medium and incubated at 27°C for another 72 h.
Preparation of Crude Insect Cell Membranes. BV-MDR1 infected Sf9 cells were collected, and crude membrane extracts prepared as described previously with minor modifications. 71 Cells were harvested by centrifugation approximately 72 h after infection. The cell pellet was resuspended at a density of 1 × 10 7 cells/mL in homogenization buffer (50 mM Tris, pH 7.5, 50 mM mannitol, 2 mM EGTA, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), 2 mM dithiothreitol (DTT), and 1% (v/v) aprotinin). After a 40 min incubation on ice, the cells were homogenized by 30 strokes with a Dounce homogenizer (pestle A) followed by 30 strokes with pestle B. The lysate was centrifuged at 500g for 10 min at 4°C to remove nuclear debris. The supernatant was centrifuged at 100 000g for 60 min at 4°C to isolate the crude cell membranes. The resulting pellet was resuspended using blunt-ended and bent 18-, 20-, 22-, and 25-gauge needles sequentially in buffer containing 50 mM Tris, pH 7.5, 300 mM mannitol, 1 mM EGTA, 1 mM AEBSF, 1 mM DTT, 1% (v/v) aprotinin, and 10% glycerol. The membranes were assayed for total protein concentration and then stored at −80°C.
71 P-gp expression was verified by immunoblot with C219 primary antibody (1:4000) and horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody (1:4000).
Flow Cytometry Assays. Flow cytometry assays were performed as described previously with minor modifications. 72 MCF-7/DX1 or hCMEC/D3 cells (125 000 cells) were suspended in 1 mL Basal Medium Eagle (BME) medium supplemented with 5% FBS and were incubated with R123 (0.5 μg/mL), doxorubicin (3 μM), or BODIPY-FL-verapamil (0.5 μM) and increasing concentrations of the compounds of interest for 30 min at 37°C. Cells were incubated at 37°C for 10 min for calcein-AM (0.5 μM) before collection by centrifugation at 300g at 4°C for 5 min. GF120918 (1 μM) served as a positive control. All compounds were dissolved in DMSO with a final DMSO concentration of 1% (v/v). For R123 and doxorubicincontaining samples, cells were collected by centrifugation at 300g, resuspended in 1 mL of BME medium containing 1 μM GF120918 or increasing concentrations of the compounds of interest, and incubated another 30 min at 37°C. These cells and those treated with BODIPY-FL-verapamil were collected by centrifugation at 300g, resuspended in ice cold PBS, pH 7.4, and analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) equipped with a 488 nm argon laser and a 530 nm band-pass filter (FL1) for R123 and BODIPY-FL-verapamil, and a 585/42 band-pass filter (FL2) for doxorubicin. Calcein accumulation studies were performed as above with the following modifications. Calcein-AM (0.5 μM) was incubated with MCF-7/DX1 cells in the presence of increasing concentrations of the compounds of interest and incubated at 37°C for 10 min. For calcein-AM treated samples, the DMSO concentration was 5% (v/v). Cells were collected and analyzed as with R123. Ten thousand cells were counted for each data point, and the mean fluorescence was utilized to determine the IC 50 values using GraphPad Prism 4.
Radioactive Substrate Accumulation Assay. Radiolabeled substrate accumulation assays were performed as described previously with some modifications. 72 MCF-7/DX1 cells (500 000 cells) were seeded in 6-well plates the night before assaying. The next day, the cells were washed with PBS, pH 7.4 (2 mL). Two milliliters of BME medium supplemented with 5% FBS containing [
3 H]daunorubicin (0.25 μCi/mL) and increasing concentrations of the compounds of interest was added to the cells. The known P-gp inhibitor GF120918 73 (1 μM) served as a positive control. All compounds were dissolved in DMSO with a final DMSO concentration of 1%. The cells were incubated at 37°C for 40 min and then washed twice with ice cold PBS, pH 7.4 (2 mL). Prewarmed trypsin-EDTA (1 mL) was added to the cells, and the cells were incubated at 37°C for 1 h. The contents of the wells along with two washes with ice cold PBS (0.5 mL each) was then added to scintillation vials containing 18 mL Eco-Lite (+) scintillation cocktail. Each vial was counted using a Packard Tri-Carb 1600 CA liquid scintillation analyzer and data normalized to counts per 10 000 cells. IC 50 values were determined using GraphPad Prism 4.
ATP Hydrolysis Assay. Vanadate-sensitive ATP consumption in the absence and presence of increasing concentrations of either QT or the QT dimer was analyzed as previously described. 72 Crude membranes (10 μg) derived from Sf9 cells expressing human P-gp were incubated with either DMSO or the test compounds in a total volume of 100 μL assay buffer (45 mM Tris-HCl, pH 7.5, 5 mM sodium azide, 2 mM EGTA, 1 mM ouabain, 2 mM DTT, and 10 mM MgCl 2 ) and 5 mM ATP, with or without sodium orthovanadate (300 μM) at 37°C for 20 min. The reaction was terminated by the addition of 100 μL of 5% (w/v) SDS, and ATPase activity was measured by the colorimetric detection of inorganic phosphate released. 72 All assays were performed in duplicate with two replicates per assay.
[ ]IAAP) (specific activity 2200 Ci/ mmol) was performed as described previously with some modifications. 72 Crude Sf9 membranes containing P-gp (25 μg) were incubated in the dark for 10 min at room temperature in assay buffer (50 mM Tris-HCl, pH 7.5, 1% aprotinin, 1 mM DTT, and 2 mM AEBSF) with either DMSO, GF120918 (10 μM; a positive control), or increasing concentrations of the compounds of interest and [
125 I]IAAP (11 nM). All compounds were dissolved in DMSO with a final DMSO concentration of 2.5% (v/v). The samples were exposed to UV light (365 nm) for 20 min on ice and separated by SDS-PAGE using a 7.5% Tris-glycine gel. The gel was fixed and allowed to dry overnight. Following exposure to X-ray film at −80°C for 3 h, the band corresponding to P-gp was quantified using ImageJ (NIH, Bethesda, MD) to determine the amount of [
125 I]IAAP photo-crosslinked to P-gp. Values are represented as a percent of the DMSO control sample, and the IC 50 values were determined by GraphPad Prism 4.
Plasma Stability Assay. Plasma stability studies were performed as described previously, with some modifications. 74 QT dimers (40 μM) were incubated at 37°C in 55% human plasma (diluted in PBS, pH 7.4) or in the presence of 10 units of purified pig liver esterase. At various time points, acetonitrile containing an internal standard (quinine, 30 μM) was added to precipitate proteins. The solution was vortexed for 20 s, and centrifuged at 6000 × g for 10 min. The supernatant was stored at −80°C until analysis by analytical HPLC using a C5 column (Phenomenex). The conversion of QT dimers to QT monomer was monitored by HPLC over time. The formation of monomeric QT was verified by coelution with a QT standard. Peak areas of QT monomer were quantified and normalized to the internal standard, and the half-life of the dimers was determined using GraphPad Prism 4.
Purification of P-gp. Purified P-gp was isolated by two-step membrane extraction and purification from the colchicine-resistant Chinese hamster ovary cell line CH R B30 as previously described, 50 with some modifications. Briefly, plasma membrane vesicles were treated with 15 mM CHAPS in HEPES buffer (20 mM HEPES, 5 mM MgCl 2 , 100 mM NaCl, 2 mM dithioerythritol, pH 7.4), and after centrifugation the resulting pellet was solubilized in 45 mM CHAPS in HEPES buffer. The supernatant obtained after centrifugation was diluted to 15 mM CHAPS and purified on a concanavalin A-Sepharose 4B column equilibrated with 2 mM CHAPS in HEPES buffer. Protein in the column eluent was quantitated by Bradford assay, 75 and ATPase activity was measured using a colorimetric assay for inorganic phosphate with 2 mM ATP and 20 min incubation at 37°C. 76 The final P-gp preparation was 90−95% pure, with a concentration of 0.2− 0.3 mg/mL protein and ATPase activity of 1.8−2.8 μmol P i /min/mg. The purified protein was stored at −70°C.
Measurement of Binding Affinity by Tryptophan Fluorescence Quenching of Purified P-gp. All fluorescence measurements were made on a PTI QM-8 steady-state fluorimeter at 22°C, with excitation and emission bandwidths of 2 and 4 nm, respectively. Intrinsic Trp fluorescence was measured by exciting 250 μL of 50 μg/ mL purified P-gp in 2 mM CHAPS/20 mM HEPES in a quartz microcuvette (0.5 cm path length) at 290 nm and monitoring emission at 330 nm. 50 Titrations of P-gp with various QT compounds was carried out by successive addition of 0.5 μL aliquots in DMSO. Fluorescence measurements were corrected for dilution, scattering, and the inner filter effect as previously described. 51, 77 All experiments were carried out in triplicate and the data were fitted to a hyperbolic equation for monophasic quenching. 50, 51 The maximum percent quenching, ΔF max , and the dissociation constant for binding to P-gp, K d , were extracted from fitting of the data using SigmaPlot. Three independent quenching experiments were conducted for each compound.
Inhibition of Drug Transport by Reconstituted P-gp. The ability of QT and QT 2 C 2 Me 2 (8) to compete for transport of three fluorescent substrates was examined using purified reconstituted Pgp as described previously, 58,78,79 with some modifications. Purified protein was reconstituted into proteoliposomes of egg phosphatidylcholine (PC) at a lipid/protein ratio of 10:1 (w/w). The initial rate of transport was measured at 37°C with TMR (1 μM), H33342 (1 μM), and LDS-751 (4 μM), in the presence of increasing concentrations of QT and QT 2 C 2 Me 2 (8) . The concentration of QT and QT 2 C 2 Me 2 (8) that resulted in 50% inhibition of the transport rate for each substrate was defined as the IC 50 value, and was estimated from a plot of % initial rate of transport vs concentration.
Rat Brain Capillary Isolation. Male Sprague−Dawley rats (Taconic, Hudson, NY) were euthanized by CO 2 , decapitated, and the brains removed for capillary isolation as described previously. 62, 80 Brains from 5−10 rats were placed in ice cold PBS complete (2.7 mM KCl, 1.46 mM KH 2 PO 4 , 139.9 mM NaCl, 8.1 mM Na 2 HPO 4 , 0.9 mM CaCl 2 , 1.05 mM MgCl 2 ), pH 7.4, supplemented with 5 mM glucose and 1 mM sodium pyruvate. After removal of the cerebellum, choroid plexuses, meninges, and white matter, the gray matter was homogenized in a 4-fold volume of PBS complete using ∼30 strokes of a Teflon-tipped drill mounted homogenizer (200 μm clearance) followed by ∼5 strokes of a Dounce homogenizer (150 μm clearance). Ficoll solution (30% w/v) was added to the homogenate with a ∼1.2:1 ratio of Ficoll to homogenate, and the samples were centrifuged for 20 min at 5800g, 4°C. The pellet containing capillaries was resuspended in PBS complete containing 1% BSA (w/v) and applied to a column containing 40 mL of glass beads (Sartorius, Goettingen, Germany) pre-equilibrated with PBS complete containing 1% BSA. Following several washes with PBS complete with 1% BSA, capillaries were collected from the beads by gentle agitation and with several washes with ice cold PBS complete. The capillaries were then collected by centrifugation at 500g for 5 min at 4°C and washed three times with PBS complete. The final capillary-containing pellet was resuspended in 300−500 μL ice cold PBS complete and stored on ice.
P-Glycoprotein Transport Assay with Rat Brain Capillaries. Capillary transport assays performed as described previously. 62, 63 Rat brain capillaries (30 μL) were incubated at room temperature in PBS complete for 5 min before the addition of PBS complete (470 μL) containing QT, QT 2 C 2 Me 2 or PSC833 as a control. Following incubation at room temperature for 45 min, an aliquot of PBS complete (500 μL) containing NBD-CsA (2 μM) was added and the capillaries incubated for an additional 30 min at room temperature. The capillaries were then imaged with a Zeiss 510 NLO confocal scanning microscope using an argon laser (488 nm excitation) and 40× water-immersion objective (NA = 1.2). For each capillary imaged, mean luminal fluorescence was quantified using ImageJ (NIH).
In Situ Rat Brain Perfusion Assay. In situ brain perfusion assays were performed as described previously with minor modifications. 63 Briefly, male rats were anaesthetized by i.p. injection with 1 mL/kg ketamine cocktail (79 mg/mL ketamine, 3 mg/mL xylazine, 0.6 mg/ mL acepromazine) and administered heparin (10 kU/kg). The common carotid arteries were exposed and cannulated using silicone tubing connected to a perfusion circuit system, and perfused with oxygenated Ringer's solution (37°C) (in mM: NaCl 117, KCl 4.7, MgSO 4 0.8, NaHCO 3 1 μCi/mL) and either QT (10 μM) or QT 2 C 2 Me 2 (10 μM) were infused into the circuit via syringe pump at 0.5 mL/min for 20 min. Following perfusion, a sample of perfusate was collected from each cannula as a reference. Cerebral hemisphere sections were separated and stripped of meninges, midbrain and choroid plexuses, and minced. Tissue and 100 μL perfusate samples were digested for 2 days with tissue solubilization solution (Hyamine Hydroxide, MP Biomedicals, Santa Ana, CA). Samples were prepared for scintillation counting by adding 100 μL of 30% acetic acid and 4 mL of liquid scintillation cocktail (CytoScint ES, MP Biomedicals), and incubated overnight in the dark. Results were expressed as the ratio of radioactivity in the brain to that of perfusate (R br μL/g): (R br = C brain /C perfusate ) where C brain is the dpm/g in the brain tissue and C perfusate is the dpm/μL in the perfusate.
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